Potenital pathways for the deactivation of hindered amine light stabilisers (HALS) have been investigated by observing reactions of model compounds -based on 4-substituted derivatives of 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) -with hydroxyl radicals. In these reactions, dilute aqueous suspensions of photocatalytic nanoparticulate titanium dioxide were irradiated with UV light in the presence of water-soluble TEMPO derivatives. Electron spin resonance (ESR) and electrospray ionisation massspectrometry (ESI-MS) data were acquired to provide complementary structural elucidation of the odd-and even-electron products of these reactions and both techniques show evidence for the formation of 4-oxo-TEMPO (TEMPONE). TEMPONE formation from the 4-substituted TEMPO compounds is proposed to be initiated by hydrogen abstraction at the 4-position by hydroxyl radical. High-level ab initio calculations reveal a thermodynamic preference for abstraction of this hydrogen but computed activation barriers indicate that, although viable, it is less favoured than hydrogen abstraction from elsewhere on the TEMPO scaffold. If a radical is formed at the 4-position however, calculations elucidate two reaction pathways leading to TEMPONE following combination with either a second hydroxyl radical or dioxygen. An alternate mechanism for conversion of TEMPOL to TEMPONE via an alkoxyl radical intermediate is also considered and found to be competitive with the other pathways. ESI-MS analysis also shows an increased abundance of analogous 4-substituted piperidines during the course of irradiation, suggesting competitive modification at the 1-position to produce a secondary amine. This modification is confirmed by characteristic fragmentation patterns of the ionised piperidines obtained by tandem mass spectrometry. The conclusions describe how reaction at the 4-position could be responsible for the gradual depletion of HALS in pigmented surface coatings and secondly, that modification at nitrogen to form the corresponding secondary amine species may play a greater role in the stabilisation mechanisms of HALS than previously considered. C The Royal Society of Chemistry 2011. 3
Introduction
Nitroxyl radicals based on 2,2,6,6-tetramethylpiperidinyl-N-oxyl (TEMPO) are highly stable, isolable species. 1 The addition of TEMPO to alkyl and acyl radicals occurs below the diffusion-controlled limit, but nonetheless these trapping reactions proceed more readily than dimerisation or other self-reactions of TEMPO. 2 A variety of TEMPO derivatives are therefore used as spin labels for supramolecular complexes; 3 reversible inhibitors for nitroxide mediated polymerisation; 4 and as superoxide dismutase mimetics for the protection of biomolecules against oxidative stress. 5 Similarly, derivatives of TEMPO can act as radical scavenging, anti-oxidant stabilisers for polymers, improving durability and aesthetic properties throughout their service lifetime. By using a colourless precursor to generate the TEMPO-based nitroxyl in situ, hindered amine light stabilisers (HALS) are widely used to prolong the lifetime of automotive coatings, bulk polymers, and thin films.
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The predominant mode of HALS action is believed to involve activation of the 2,2,6,6-tetramethylpiperidine moiety (TEMP-X, X = H, alkyl, or ether, Scheme 1) to the equivalent TEMPO free radical, which subsequently scavenges otherwise reactive polymeric alkyl or acyl radicals to form an amino-ether (TEMPO-R). 7 Upon further reaction with a peroxyl radical, the nitroxyl radical is regenerated, converting harmful propagating radical species to less reactive evenelectron by-products, as in Scheme 1.
Scheme 1: A generalised stabilisation mechanism for HALS.
The exact nature of oxidation and propagation processes described by Scheme 1 remain an area of active discussion, 8 however, little is known about the fate of active HALS molecules inservice. Testing HALS molecules for efficacy in surface coatings involves empirically monitoring aesthetic properties in HALS-doped coatings to demonstrate an extension of product lifetime in a specific application, compared to a control coating. 9 Such investigations demonstrate that the benefits afforded by HALS are finite, as shown by the eventual discolouring, fading, or degradation of the stabilised polymer, with the gradual decline in physical properties mirrored by a concomitant decrease in the concentration of available active HALS within the polymer over time. 10 Current understanding is limited as to why HALS do not stabilise polymers catalytically and indefinitely, as might be expected from Scheme 1. Characterisation of deactivation mechanisms could be crucial in selecting appropriate HALS for specific applications.
In principle, there are several general mechanisms by which HALS molecules could be deactivated or decomposed. HALS have been shown to migrate into lower coating layers where they can no longer act as efficient stabilisers. 11 Deactivation driven by the inherent basicity of HALS could occur by chemisorption onto activated particle surfaces within the polymeric matrix, particularly in highly pigmented coatings, 12 or by acid/base interactions with the catalysts of acidcuring surface coatings. Chemical or photochemical decomposition of HALS can lead to the formation of non-oxidisable adducts whereby regeneration of the active nitroxyl is inhibited. 13 Moreover, the deactivation of HALS need not depend on the modification of the nitroxyl radical.
Oxidative decomposition can cause HALS fragments to be volatilised from the coating during high temperature processing or in-service. Low molecular weight methoxy-and hydroxy-piperidines were detected when ester-linked oligomeric HALS in polypropylene were subjected to ultraviolet (UV) light. 14 Similarly, after prolonged ambient exposure of polyethylene films, 4-amino-2,2,6,6-tetramethylpiperidine was detected as a decomposition product of HALS possessing a secondary amine linkage at the 4-position (R 4 ). 15 In order to complement such studies, simplified chemical systems are employed in mechanistic studies of antioxidant action to elucidate plausible reaction pathways. For example, simple derivatives of TEMPO have been employed as putative models for studying chemical reactions at the active sites of HALS. 7c Further studies, undertaken from a medicinal perspective, reported that 4-hydroxy-TEMPO (TEMPOL) is susceptible to modification at the 4-position, leading to the formation of 4-oxo-TEMPO (TEMPONE), proposed to occur via the mechanism shown in Scheme 2. In many currently utilised HALS, the active TEMPO moiety is anchored to a larger molecular weight scaffold at R 4 , and thus such an elimination could lead to deactivation of HALS via volatilisation of the low mass TEMPONE fragment.
Scheme 2: Proposed mechanism for the hydroxyl radical induced formation of 4-oxo-TEMPO (TEMPONE) from 4-hydroxy-TEMPO (TEMPOL).
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In this study we have undertaken a detailed experimental and theoretical investigation of the reactions of TEMPO and selected 4-substituted TEMPO derivatives (1-5, Figure 1) (1) 2,2,6,6-tetramethylpiperidine-N-oxyl 'TEMPO'
(2) 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl 'TEMPOL' (3) 4-methoxy-2,2,6,6-tetramethylpiperidine-N-oxyl '4-methoxy-TEMPO' (4) 4-carboxy-2,2,6,6-tetramethylpiperidine-N-oxyl '4-carboxy-TEMPO' NaOH (0.1 g) to water (100 cm 3 ). The developed plates were dipped into the permanganate solution and then completely dried using a heat gun.
Computational procedures
Standard ab initio molecular orbital theory and density functional theory calculations were carried out using Gaussian 09 19 and MOLPRO 2009.1. 20 Calculations were performed at a high level of theory, recently demonstrated to predict solution-phase bond dissociation energies and associated equilibrium constants to within chemical accuracy. 21 Geometries of all species were fully optimised at the B3-LYP/6-31G(d) level of theory. For all species, full systematic conformational searches (at a resolution of 120 o ) were carried out to ensure global, and not merely local, minima were located. Frequencies were also calculated at this level and scaled by recommended scale factors. 22 Improved energies for all species were calculated using the G3(MP2)-RAD level of theory, a high level composite ab initio method that approximates URCCSD(T) calculations with a large triple zeta basis set using additivity approximations. 23 This method was recently shown to reproduce a large test set of experimental gas-phase BDEs to within chemical accuracy.
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Entropies and thermal corrections were calculated using standard formulae 25 for the statistical thermodynamics of an ideal gas under the harmonic oscillator approximation in conjunction with the optimised geometries and scaled frequencies, and reaction Gibbs free energies were computed using the Gibbs fundamental equation. Free energies of solvation were computed using the polarised continuum model, PCM-UAKS, 26 also at the B3-LYP/6-31G(d) level. Geometries of all species were re-optimised in solution. Free energies of each species in water solution at 298.15 K were calculated as the sum of the corresponding gas-phase free energy and the obtained free energy of solvation. The phase change correction term RT(lnV) was included in the energy of all species.
Gibbs free energies of activation for the reactions involving a hydrogen transfer have been corrected for the effects of tunnelling using the standard formulae:
the tunnelling correction factor, T is the absolute temperature, R is the universal gas constant and ∆G ‡ is the Gibbs free energy of activation.
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Results and discussion
ESR characterisation of TEMPO derivatives
Initially, the ESR spectra of TEMPO 1 and derivatives containing at least one hydrogen at the 4-position (2-4) are characterised by fairly broad ESR lines as a result of the unresolved couplings to the methyl hydrogens. 28 In contrast, the spectrum of TEMPONE 5 shows much sharper lines with well resolved 13 C-coupling, due to the restrictions placed on the piperidine ring conformation by the ketone double bond. 29 Typical g-values and coupling constants are given in Table 1 , and show good agreement with the available literature data. When either TEMPO 1 or TEMPONE 5 are exposed to the same conditions and subjected to the same analysis, no changes to the coupling constants are observed, the signal merely decays over time until no nitroxyl radicals are detectable after 3 hours.
The total peak to peak signal intensity (ΔM I = -1 line) attributable to each of the TEMPO derivatives 2-4 as a function of time is plotted in Figure 3 , along with the formation of TEMPONE
5.
For clarity, only the first 3 hours of irradiation are shown. In all cases, the initial nitroxyl radical concentration is depleted (open shapes) and an increase in abundance of TEMPONE is observed (corresponding filled shapes). Data for the formation of TEMPONE are not present prior to 100 minutes, as the narrow peaks are obscured by the broader peaks of 2-4. The rate at which the nitroxyl radical signal diminishes follows the trend of 4 > 3 > 2 and is thus clearly a function of the substituent in the 4-position of the piperidine ring (R 4 = CO 2 H > OCH 3 > OH) . This is broadly consistent with trend in redox potentials of these nitroxyl radicals (e.g., corrected Eº(4) = 0.924 V versus Eº(2) = 0.877 V) 35 and, in-line with previous studies, suggests that oxidation to the diamagnetic oxoammonium cation may be a major reaction pathway. The rate and abundance of TEMPONE 5 formation is similarly dependant on R 4 , and does not form at all in the absence of a substituent in the 4-position, as demonstrated by the irradiation of TEMPO 1. In every case, the yield of 5 is less than would be expected if all of the reactant had been transformed to this product, indicating that this is a minor pathway in the overall reaction scheme, while the bulk of the products are diamagnetic (see above). From the relative signal intensities of standard solutions of TEMPOL 2 and TEMPONE it can be estimated that TEMPONE formation from TEMPOL accounts for ca. 12% of the theoretical yield. Similarly, for 4-methoxy-TEMPO 3, the formation of 5 is only ca. 6% of the theoretical yield, and for 4-carboxy-TEMPO 4 the yield is less than 1%. While TEMPONE formation in these instances is clearly a minor product, its observation is significant because only the hydroxyl radical driven conversion of TEMPOL to TEMPONE has previously been reported. Indeed, previous studies of HO
• reactivity with 4 did not report TEMPONE formation. 36 Overall the differing yields of TEMPONE from precursors 2-4
indicate that R 4 has a pronounced effect on the propensity for formation of this product. This observation is not correlated to the relative trend for the disappearance of the reactant (see above), perhaps unsurprisingly given that the latter is predominantly driven by modification of the nitroxyl moiety.
Characterisation of TEMPO derivatives by ESI-MS
ESI-MS analyses were undertaken to provide complementary detection of diamagnetic products arising from photocatalytic degradation of TEMPO derivatives 2-4. It should be noted that under these conditions ESI-MS is not quantitative and cannot be used in this manner to provide a comprehensive mass-balance for the reaction. This is due to (i) the differences in ionisation efficiencies among the different species present (e.g., Table 2 ) and (ii) the possibility that extensive oxidative fragmentation may result in low molecular weight products that can be volatilised from the reaction vessel. Despite these stated limitations, ESI-MS is a well recognised method for reaction monitoring, including those employing photocatalytic TiO 2 , 37 and has proven particularly effective at identifying reaction intermediates.
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Prior to irradiation, the initial positive ion ESI mass spectra of the nitroxyl radicals display a distribution of ions around the molecular mass M. As redox processes can play a role in electrospray ionisation, the observation of multiple ions in the molecular ion region can be attributed to oxidation and reduction of the nitroxyl moiety under positive ion ESI conditions. Figure 4 (a). 
ESI-MS analysis of photo-oxidation products
Multiple studies have reported on the non-radical products arising from the reaction of
TEMPO derivatives with HO
• under different conditions. Oxidation of the nitroxyl moiety to the oxoammonium cation was reported as one product, while another study reported reduction of the nitroxyl to the hydroxylamine, where the nitroxyl was recovered upon addition of potassium (Table 2) . With this in mind, ESI-MS spectra were concurrently taken during the course of the irradiation to complement the ESR data and provide additional insight into the nature of the non-radical oxidation products of the TEMPO derivatives. Figure 5 (Figure 5c ). The CID spectrum of m/z 156 that arises from the irradiation of TEMPOL 2 is shown in Figure 6 (a) and is identical to standard 4-oxo-2,2,6,6-tetramethylpiperidine 5H ( Figure   6b ). The presence of the characteristic iminium product ion at m/z 58 in both spectra confirms the presence of the secondary amine functionality in this ion. The formation of 5H in these experiments appears to be a result of conversion of TEMPOL 2 to TEMPONE 5 with subsequent deoxygenation (as described below). Although the formation of aminyl radicals is often considered unlikely, for particular R groups it has been shown that cleavage of the N-OR bond is thermodynamically favoured over NO-R bond cleavage, releasing an aminyl radical rather than a nitroxyl. 21 The formed aminyl radical may then abstract an available hydrogen to form the secondary piperidine. Given the expected low concentration of suitable alkyl radicals under our experimental conditions this pathway is unlikely to dominate. Alternatively, addition of a peroxyl radical to the nitroxyl results in the formation of aminyl radical along with an alkoxyl radical and molecular oxygen (Scheme 3b), however for the present species, the first step in this process is slightly endothermic (8.5 kJ mol -1 ) and has a significant energy barrier (72 kJ mol -1 ). 43 Similarly, addition of HO
• to the nitroxyl oxygen, with subsequent cleavage of the nitrogen-oxygen bond can result in formation of the secondary amine and releasing the hydroperoxyl radical (Scheme 3c), 33 however our unpublished calculations indicate that the decomposition step in this process is also significantly endoergic (146.7 kJ mol -1 at 298 K). Further pathways might also be possible via the intermediary oxoammonium cations formed by electron transfer, but the precise mechanism of these is currently unclear. 44 Such pathways may be favoured in aqueous media due to the stabilisation of the charged species afforded by solvation. 43 While several mechanistic possibilities are suggested in the literature there is no definitive explanation for secondary amine formation.
Scheme 3:
Potential formation mechanisms of N-H piperidines from nitroxyl radicals by a) alkyl, b) peroxyl, or c) hydroxyl radical addition to TEMPO derivatives.
Computational investigation into the effects of 4-position substituent
The observed oxidative modification at the 4-position of 2-4 warranted further investigation.
The influence of this substituent on the adjacent carbon-hydrogen (H 4 ) bond dissociation enthalpy (BDE) -a parameter related to the stability of the intermediate carbon-centred radical resulting from the initial hydrogen abstraction -was compared to the C-H BDEs of the methylene ring hydrogens (H 3 ) and the hindering methyl hydrogens (denoted CH 3 ). Calculations were undertaken using the G3(MP2)-RAD approach at 298.15 K and are presented in Table 3 . Consideration of reaction temperature and bulk solvent does not appear to have any significant effect on the observed trends (see Table S1 in Electronic Supplementary Information). The data in Table 3 demonstrate that for the 4-substituted TEMPO derivatives 2-4, the C-H 4 BDE is significantly lower than the C-H BDEs of either the 3-position or in the hindering methyl groups. Furthermore, the C-H 4 BDE in the substituted analogues 2-4 is significantly lower (by at least 16 kJ mol -1 ) than that in the archetypal TEMPO 1 system indicating stabilisation of the carbon-centred radicals resulting from H 4 -abstraction. In contrast, the BDEs of the hindering methyl group hydrogens are consistent with those of TEMPO and are not significantly influenced by variations in the remote R 4 substituent.
Similarly, C-H 3 BDEs are constant, except in the case of TEMPONE 5 (ca. 35 kJ mol -1 lower than 1-4) due to the stabilising effect afforded by the conjugation with the neighbouring C=O bond. Table 3 demonstrates that abstraction of hydrogens by HO • will be exothermic from all positions (i.e., H 4 , H 3 or CH 3 ). By contrast, abstraction of all hydrogens in the experimental compounds by HO 2
• would be thermodynamically disfavoured, consistent with our recent study of HO 2 • abstractions in other organic compounds. 46 Although H 4 generally has a lower BDE than either H 3 or CH 3 in the TEMPO compounds studied, these thermodynamic differences alone do not provide an explanation for the reaction at the 4-position observed by ESR and ESI-MS analysis. Therefore, a study of the transition states of hydrogen abstraction by HO • was undertaken, and the resulting gas-phase activation energies are displayed in Table 4 . The corresponding solution-phase data follow the gasphase trends and are provided in Table S2 of the Electronic Supplementary Information. While the final "transition structure" contains a single imaginary frequency consistent with H 4 abstraction, we expect that the resulting structure is not fully optimised and the reported barrier is thus likely to be significantly overestimated. Even so, in contrast to the thermochemistry (Table 3) , calculation of the activation barriers of hydrogen abstraction (Table 4 ) suggests a clear kinetic preference for abstraction at H 3 and CH 3 over H 4 . The increasing abstraction barrier heights in the order CH 3 < H 3 < H 4 can be attributed to polar inductive effects overriding the thermodynamic preference for the formation of α-radicals and is consistent with previous computational and experimental observations of other systems. 47 Based on these calculations, it is plausible to conclude that the formation of TEMPONE 5 in the experiments described above does not arise from any preferential hydrogen abstraction at the 4-position. Indeed hydrogen abstraction at the 3-position and from the methyl groups is kinetically preferred, though given the generally low barriers abstractions at all positions are likely to take place to some extent. In order to rationalise TEMPONE formation, plausible reactions following formation of the carbon-centred radicals were considered in further detail. Although we do not exclude the possibility of H 4 abstraction from TEMPOL 2 based on the reported barrier, an alternate mechanism to TEMPONE formation unique to TEMPOL via an alkoxyl radical is also considered below.
Under the conditions of the experiments described above hydroxyl radicals and dioxygen are both present with the latter estimated to be more concentrated by at least an order of magnitude. These data indicate that the combination reaction of hydroxyl radical and HALS biradical is significantly exoergic, with free energies ranging from -316 kJ mol -1 for 4 to -364 kJ mol -1 for 2 relative to the nascent biradical in the gas phase. However, transition states for subsequent hydrolysis of the α-hydroxy intermediates to form TEMPONE were located and represent significant kinetic barriers to this reaction, ranging from 121 kJ mol -1 for 3 to 282 kJ mol -1 for 4.
While these barriers to direct hydrolysis mediated by a single water molecule may seem prohibitive, other pathways -especially those involving acid or base catalysis -may provide lower energy alternatives.
In contrast, addition of ground state molecular oxygen to the carbon centred radicals (Scheme 4(b) was found to be mildly exoergic for 2 and 3 and negligibly exoergic for 4 due to the greater relative stability of the radical in the latter case (cf. Table 3 ). Significantly however, the barriers to unimolecular rearrangement of the peroxyl radicals to form TEMPONE were moderate in all cases, ranging from 56 kJ mol -1 for 2 to 82 kJ mol -1 for 3. These calculations suggest that Scheme 4(b) provides a viable mechanism for the experimental observation of TEMPONE described above, consistent with previous proposals of carbonyl formation from α-hydroxy, α-methoxy, and α- For TEMPOL 2, an alternative pathway to TEMPONE 5, exclusive to this system, needs to be considered (Scheme 5). Abstraction of the hydrogen from the hydroxyl group itself would give rise to a nascent alkoxyl radical that could then donate a hydrogen atom to dioxygen (or another acceptor) to form the carboxyl moiety directly. Calculated kinetic and thermodynamic parameters (see also Table S3 in Electronic Supplementary Information) are in favour of this pathway -both steps are exoergic and the activation barrier of hydrogen abstraction is plausible under the experimental conditions. Thus, 5 is likely to form from 2 via an alkoxyl radical rather than by thermodynamically reversible O 2 addition to an alkyl radical, a process which also involves a potentially prohibitive activation barrier to hydrogen abstraction. This alternate mechanism may also explain the higher yield for 5 arising from 2 compared to 3 or 4, as observed by ESR ( Figure   3 ).
Scheme 5:
Alternative pathway to TEMPONE 5 from TEMPOL 2 via an alkoxyl radical, which subsequently adds to O 2 and eliminates HO 2 • . Values in italics (in kJ mol -1 ) correspond to gas-phase Gibbs free reaction energies and activation barriers (denoted by an asterix).
Conclusions
This work demonstrates the conversion of TEMPOL 2 to TEMPONE 5 from reaction with hydroxyl radicals generated by photocatalytic TiO 2 and further shows the broader applicability of this reaction to other 4-substituted TEMPO derivatives ( Experiments similar to those described herein with authentic HALS molecules are limited by their insolubility in aqueous media. It is not unreasonable however, to extend the current discussion to speculation of a plausible mechanism for HALS consumption in pigmented surface coatings, where TiO 2 is ubiquitously employed. Active HALS are recorded at highest concentrations in the top 30 µm of automotive clearcoats, near the air to polymer interface. 49 Coincidentally, this is the region of highest photocatalytic activity in TiO 2 -pigmented materials, 50 given the necessity of moisture and oxygen to photocatalytic oxidation. It is plausible that a transient encounter between photocatalytically generated HO
• and a HALS molecule may lead to formation of TEMPONE by elimination of the HALS backbone (added for the very purpose of thermal stability). The active HALS moiety would subsequently be volatilised from the coating at service temperatures. Given that the elimination described herein is not the major pathway of HALS activity, and furthermore, that HO
• production is suppressed by TiO 2 surface modifications in durable pigments, the chances of these encounters would be low. However, over the entire lifetime of the polymer it may provide a significant, irreversible pathway for depletion of these otherwise demonstrably prophylactic additives.
